We give an account of the matter-gravity entanglement hypothesis which, unlike the standard approach to entropy based on coarse-graining, offers a definition for the entropy of a closed system as a real and objective quantity. We explain how this new approach offers an explanation for the Second Law of Thermodynamics in general and a non-paradoxical understanding of information loss during black hole formation and evaporation in particular. We also very briefly review some recent related work on the nature of equilibrium states involving quantum black holes and point out how it promises to resolve some puzzling issues in the current version of the string theory approach to black hole entropy.
The Second Law of Thermodynamics originated with Carnot (1828) as a statement about which changes of state are possible for machines such as heat engines and refrigerators. One way to state it is:
The entropy of a closed system always increases with time.
Entropy (the term was coined by Clausius in 1856) was originally defined in terms of the macroscopic phenomenological quantities, 'heat' and 'temperature'. But to go beyond systems which depart from thermal equilibrium only slightly or at a slow rate, one needs a more fundamental definition:
In a classical setting, Boltzmann's 1877 proposal (in the terminology of Planck) was that entropy (S) equals Boltzmann's constant (k) times the logarithm of the number (W ) of microstates belonging to a given macrostate:
This equation was subsequently adapted to a quantum mechanical setting by von Neumann with the formula S = −k tr(ρ log ρ).
where ρ is the system's density operator. And yet, as von Neumann famously remarked in a conversation with Shannon in 1948, "nobody knows what entropy really is". Amongst the reasons entropy may seem a mysterious and elusive concept are, firstly, that there seems to be a danger of a contradiction between the time-irreversible Second Law and the time-reversal invariant (or at least PCT invariant) microscopic laws of physics. Secondly, the process of coarse-graining by which we group together microstates into equivalence classes of macrostates to define the Boltzmann entropy is necessarily partly arbitrary and based on a subjective judgement about which pairs of states are indistinguishable.
One might argue that none of this matters and entropy is not a fundamental quantity; the only truly fundamental and natural value for the W in Boltzmanns formula is 1 (all distinct microstates are ultimately distinguishable) and the only natural value for the entropy, S, of any state of any closed system is therefore zero. Likewise, a full description of a quantum closed system would be with a pure density operator, for which the von Neumann entropy is again zero.
And yet, there seem to be reasons to believe that the universe really does have a (nonzero) entropy and that this is quite independent from any subjective judgments that we may make about what we can and cannot distinguish. Indeed its value has been estimated (see e.g. [1] ). Furthermore, thanks to Hawking [2] , we know that a black hole has an entropy equal to a quarter of the area of its event horizon -and there certainly seems to be nothing subjective about a quarter of an area! Moreover, presumably the entropy of the universe really is increasing and the entropy of a closed system consisting of a star in empty space which collapses to a black hole and subsequently Hawking-evaporates will increase monotonically with time.
In 1998 I made a proposal [3, 4, 5] as to what the connection between the microscopic laws of physics and the laws of thermodynamics might be according to which the entropy of a closed system is a real and objective quantity. With this proposal, the question of whether entropy increases monotonically with time becomes, with suitable assumptions about the microscopic laws of physics and suitable assumptions about initial conditions, a well-defined and meaningful mathematical question. As for what those microscopic laws of physics are, we don't need to say in detail to see how the proposal might work. But we need to assume they are an approximate quantum gravity theory valid for energies well below the Planck energy and that this can be formulated along the lines of a standard quantum mechanical theory with a total Hilbert space which arises as the tensor product of a gravity Hilbert space and a matter Hilbert space together with a unitary time-evolution for an ever pure total density operator.
In such a theory, the von Neumann entropy of the total state will of course be zero at all times. But, and this is the crucial new feature of the proposal, we don't identify the physical entropy of the total state with its von Neumann entropy. Rather [3, 4, 5] we identify it with its matter-gravity entanglement entropy. There is no reason why this quantity should remain zero for all time and indeed, with the further assumption that the initial state of the closed system has a low degree of matter-gravity entanglement, it is plausible that it will increase monotonically for all time.
Thus we have a plausible explanation for the Second Law for a general closed system. Applied to our collapsing star closed system, and bearing in mind that information may be defined as negative entropy, this specializes to a (non-paradoxical) explanation of how information is lost in black-hole collapse. We remark that, on our view, the 'information-loss puzzle' [6] is just a special instance of the more general puzzle of how, for any closed system, its entropy increase can be reconciled with a unitary time evolution. Once one ceases to identify the physical entropy of the closed system with its von Neumann entropy (a unitary invariant) and identifies it instead with matter-gravity entanglement entropy, the puzzle goes away.
Our proposal resembles the environment induced decoherence paradigm [7] but with a crucial difference: In the environment paradigm, one separates one's total closed system into a 'subsystem of interest' and an 'environment' and regards the subsystem-environment entanglement entropy as the physical entropy of the (open) subsystem. But in our proposal, the matter-gravity entanglement entropy is identified with the entropy of the (total ) closed system -and will, in general, be non-zero even though the state of the total closed system is, at all times, a pure state! (For how our proposal can be extended to include both closed and open systems, see Endnote (xii) of [5] .)
Our above proposed explanation of the Second Law relies on our closed system having an initially low entropy (i.e. low degree of matter-gravity entanglement). If a supposedly closed system (e.g. our collapsing star system) is really an approximately closed part of a bigger universe, this low entropy will presumably be traceable to a low initial entropy of the universe as a whole. We don't explain why that might be low, but one might hope that a more ambitious theory might do so.
In the traditional approach, one can similarly [8, 9] reconcile irreversibility with reversible microscopic laws by assuming a low entropy initial state for the universe. But the explanation will inherit an unsatisfactory subjective aspect due to the subjective nature of entropy as traditionally understood. To make this clear, consider, e.g. removing a partition separating two different gases in two halves of a box. The initial state might be considered to have a lower entropy but only because we are able to distinguish between the different gases, whereas we can't distinguish between the gas-mixtures in each half soon after the partition is removed.
Where our proposal most sharply distinguishes itself from the traditional account is in its description of the equilibrium states of a black hole in a (say, spherical) box. Traditionally [10] such a state is modelled as a -highly impure -total thermal state of matter and gravity. On our proposal it is a total pure state of matter and gravity which is entangled in just such a way that the partial state of the matter alone as well as the partial state of the gravity alone are each approximately thermal.
Recently we have explored how our very different understanding of black hole equilibrium states can be reconciled with work of string theory related to black hole entropy which, in its present versions, seems to presuppose the traditional view. Our results so far [11, 12, 13, 14, 15, 16] show some promising indications that not only can they indeed be reconciled, but that a clearer understanding of black hole entropy and a clearer resolution of the information loss puzzle may emerge once the string theory results are reworked and reinterpreted so as to be compatible with our proposal. To end this essay, we offer two glimpses of why this might be and how the resulting theory would look.
Our first glimpse concerns string theory work on black-hole entropy. Clearly the impressive quantitative agreement obtained by Strominger and Vafa [17] and subsequent authors on the entropy of extremal and near-extremal black holes and also the semi-qualitative results of Susskind [18] and of Horowitz and Polchinski [19, 20] for, say, Schwarzschild black holes indicates that this string theory work is capable of providing an understanding of black hole entropy. But there are puzzling issues too: Strominger and Vafa obtain the entropy as the logarithm of the degeneracy of an energy-level. Yet (to quote our paper [11] ) the degeneracy of the nth energy level of the textbook Hydrogen atom Hamiltonian is n 2 but we would not conclude that the Hydrogen atom has an entropy of k log n 2 ! There is a related issue in the work of Susskind and of Horowitz and Polchinski which derives the entropy of a Schwarzschild black hole up to a small unknown constant by arguing that the weak string-coupling limit of a black hole is a long string and relates black hole entropy to the logarithm of the density of states of this string. But, just on dimensional grounds, one should presumably multiply this density of states by a constant with the dimensions of energy to obtain a dimensionless quantity before one can take its logarithm. But no such constant is supplied by their approach. In our approach (see [11, 12, 13] for details) we consider the weak string coupling limit of an equilibrium state consisting of a black hole in a box surrounded by its thermal atmosphere to be a pure multistring state consisting of a single long string surrounded by an atmosphere of small strings and we relate the state's entropy as we define it, i.e. its matter-gravity entanglement entropy, to a quantity which is approximately the entanglement entropy between the long string and this stringy atmosphere. We obtain the same semi-qualitative result as Horowitz and Polchinski. In a sense, our proposal supplies the missing constant with the dimensions of energy.
Our second glimpse concerns the picture due to Maldacena [21] of a Lorentzian black hole which is asymptotically AdS due to a negative cosmological constant. A maximally extended such classical AdS black hole has a quadruple-wedge structure similar to that of the Kruskal spacetime. If one studies quantum field theory in this fixed background, it is straightforward and standard that there will be a pure Hartle-Hawking-Israel-like state which is entangled between the left and right wedge in just such a way as to be thermal on each wedge separately. Maldacena assumes that the full state of quantum gravity, say in the right wedge, will be similarly thermal and similarly entangled with a similar thermal state in the left wedge. But in [14] (see also [15, 16] ) I argue that, once one switches on the dynamical gravitational field, the horizon becomes unstable and the right wedge becomes a full quantum spacetime in its own right with an overall pure state which -in line with the understanding of black hole equilibrium states that we propose here -is entangled between matter and gravity in just such a way that each of matter and gravity separately are approximately thermal. Interestingly, even more recently, a number of other authors [22, 23, 24, 25] have argued on quite different grounds internal to string theory for some aspects of this modified picture.
